We investigate a possibility of Hund's metal behavior in the Hubbard model with asymmetric density of states having peak(s). Specifically, we consider the degenerate two-band model and compare its results to the five-band model with realistic density of states of iron and nickel, showing that the obtained results are more general, provided that the hybridization between states of different symmetry is sufficiently small. We find that quasiparticle damping and the formation of local magnetic moments due to Hund's exchange interaction are enhanced by both, the density of states asymmetry, which yields stronger correlated electron or hole excitations, and the larger density of states at the Fermi level, increasing the number of virtual electron-hole excitations. For realistic densities of states these two factors are often interrelated because the Fermi level is attracted towards peaks of the density of states. We discuss the implication of the obtained results to various substances and compounds, such as transition metals, iron pnictides, and cuprates.
I. INTRODUCTION
Some components of Coulomb interaction, in particular, Hund's exchange, play special role in multiorbital systems, since they induce electronic correlations, which may drive an unusual behavior of the electronic degrees of freedom. Hund's metals were defined [1] as metals with large quasiparticle mass, caused by Hund's exchange interaction, cf. Refs. [2] [3] [4] [5] . Apart from enhancement of quasiparticle damping (and the possibility of non-quasiparticle behavior), Hund's interaction also yields in the vicinity of half filling the so-called 'spin freezing' (i.e. local moment) behavior, as was shown in Ref. [5] for semicircular density of states (DOS), and investigated for a number of real materials [6] [7] [8] [9] [10] [11] [12] [13] [14] . This behavior can be considered as one of the distinctive features of Hund's metals and it is characterized by the temperature-independent local spin correlation function K(τ ) = S i (τ )S i (0) for the imaginary time τ not too close to 0 or β = 1/T (i is the site index, T is the temperature). The τ -dependence of the correlation function K(τ ) in this regime is rather weak, which then yields (approximate) fulfillment of the Curie law for the static local susceptibility χ loc = β 0 K(τ )dτ ∝ 1/T , corresponding to a local moment formation. At the transition to the spin freezing (i.e. local moment) phase, the nonFermi-liquid (ω 1/2 ) behavior of electronic self-energy has been obtained [5] , while inside the spin freezing phase the quasiparticle damping is essentially enhanced.
In realistic substances and compounds only electrons belonging to part of the bands may show Hund's metal behavior, which is reminiscent of the orbital-selective Mott transitions, introduced first to explain unusual properties of Ca 2−x Sr x RuO 4 [15] and studied actively within the dynamical mean-field theory [16] [17] [18] [19] [20] [21] [22] . In this respect, the "orbital selective" Hund's metals can be considered as being in proximity to the orbital-selective Mott transitions. The prominent example is α-iron, which has a non-quasiparticle form of e g states [7] , while the t 2g states are more quasiparticle-like, although they also show some deviations from the Fermi liquid behavior [8] .
While for conventional orbital-selective Mott transitions, the widths of the bands and/or their fillings are the decisive factors in which bands undergo the transition, the widths and fillings of different bands in "orbitalselective" Hund's metals are close to each other, and the states, exhibiting Hund's metal behavior (including the local moment formation), are determined to a large extent by the profile of the partial density of states. Indeed, the e g electrons in α-iron, for which the above described features of Hund's metal behavior are especially pronounced, have the Fermi level almost at the top of the peak of the density of states; in γ-iron [12] and pnictides [14, [23] [24] [25] [26] [27] ] the peak of the density of states is somewhat shifted with respect to the Fermi level, which is accompanied by weaker (in comparison with α-iron) quasiparticle damping and only partially formed local moments [12] [13] [14] . Therefore, the questions can be posed as to which factors (apart from the filling) are decisive for that, which states (if any) show Hund's metal behavior in these substances, and whether the proximity of the Fermi level to the peak of the density of states is a necessary/sufficient condition for that.
In the present paper we show that the quasiparticle damping and formation of local moments are in fact enhanced by the asymmetry of the density of states (which often shifts the Fermi level towards the maximum of the density of states), as well as by the larger value of the density of states at the Fermi level. In the presence of the asymmetry, the behavior of the self-energy and spin correlation function above-and below half filling is drastically different; the Hund's metal behavior is enhanced for the Fermi level being on the same side, as the maximum of the density of states. We also find that Hund's exchange interaction is necessary to make these factors active, similarly to a previous observation for the symmetric density of states [5] .
The plan of the paper is the following. In Sec. II we consider the results for the self-energies and local susceptibilities of the two-band model. In Sec. III we consider the results of the five-band model and implications of the obtained results to real substances and compounds. Finally, in Sec. IV we present conclusions.
II. TWO-BAND MODEL
To investigate the effects of the peculiarities of the density of states on Hund's metal behavior, we perform dynamical mean-field theory (DMFT) calculations for the degenerate two-band Hubbard model (we have verified that the three-band model yields similar results)
where c imσ (c + imσ ) are the electron destruction (creation) operators with spin σ (=↑, ↓) at site i and orbital m = 1, 2; n imσ is the number operator of electrons, U is the intraorbital Coulomb interaction, I is the Hund's coupling, and U ′ = U − 2I. To obtain the correlation strength similar to that in Hund's metals such as pure iron and iron pnictides, we consider the interaction values U = 1.5D and I = U/4, where D is half of the bandwidth. The impurity problem was solved by the hybridization expansion continuous-time quantum Monte Carlo method [28] .
Let us first consider the results for the DOS ρ a (ε) = c
, suggested in Ref. [29] and leading to a peak in the density of states for a close to one (see Fig. 1a ). Note that in this and the following calculations, we enforce the paramagnetic state by assuming spin-and site independent self-energy, since we are interested in the formation of local moments (see below). In Fig. 1b we present the imaginary parts of self-energies obtained with band fillings n = 1.1 and n = 1.3 (here and below the band fillings are indicated per band) at the inverse temperature β = 1/T = 40D −1 . One can see that for both fillings increasing asymmetry parameter a yields a larger absolute value of the imaginary part of the selfenergy; for n = 1.1 and strongest asymmetry a = 0.98 the absolute value of the self-energy is even increasing with decreasing Matsubara frequency, corresponding to the non-quasiparticle behavior, similar to that, observed for e g states in α iron [7] . We note that the effective bandwidth of the density of states ρ a (ε), characterized by the second central moment (standard deviation)
2 ρ(ε) with respect to the mean value of the energy ε = (1/2) dεερ(ε), is σ = D/2 and does not depend on a. As we argue below, the observed strengthening of local correlations with increasing a can be explained by two effects: increasing asymmetry itself, which can be characterized by the skewness of the DOS α = 1/(2σ 3 ) dε(ε − ε) 3 ρ(ε), changing from α = 0 at a = 0 to α = −0.82 at a = 0.98, and increase of the density of states at the Fermi level. The former effect yields narrowing of the holes band width W h , defined as a distance from the Fermi level to the upper edge of the band (in the case when the major weight of the density of states is below the center of the band, the bandwidth for electrons W e , corresponding to the distance from the Fermi level to the lower edge, is narrowed instead), while the latter effect increases the number of virtual particlehole excitations.
The asymmetric form of the density of states with the peak also yields strong difference of the frequency dependence of the self-energy above and below half filling. To illustrate this, we also present in Fig. 1b the results for n = 0.9 and strong asymmetry, a = 0.98. One can see that the absolute value of the imaginary part of the self-energy in this case is much smaller, than for n = 1.1, a = 0.98 and has the quasiparticle-like imaginary frequency dependence. Without Hund's exchange interaction we find that all of the above discussed peculiarities of the self-energy disappear (see Fig. 1b ) and the self-energy depends rather weakly on n and a. There- fore, similarly to the previous study of the symmetric density of states, Hund's exchange interaction represents a driving force of the obtained anomalies of the selfenergy, which is due to the decrease of the critical value of Coulomb interaction for the metal-insulator transition by Hund's exchange near half filling [2, 3, [30] [31] [32] .
As it is mentioned above, the considered density of states at the Fermi level ρ a (E F ) increases with increasing asymmetry. To disentangle the effects of the asymmetry and increasing of the density of states, we consider one more model density of states ρ b (ε), consisting of two linear energy dependences at ε < E F and ε > E F . We fix the value of the density of states at the Fermi level, but change the asymmetry (see dependences ρ b1,2,3 on Fig. 2a) ; we have verified that this yields an almost unchanged effective bandwidth σ ≈ 0.58D. One can see that increasing the asymmetry in this case yields a qualitatively similar enhancement of |ImΣ| as in the above discussed results for the density of states ρ a (ε). Somewhat weaker enhancement in this case can be explained by the relatively weak asymmetry (α = −0.22 and α = −0.50 for ρ b2 and ρ b3 , respectively) and smaller value of the density of states at the Fermi level. Increasing the value of the density of states at the Fermi level (see ρ b4 (ε) on Fig. 2a) , but keeping the standard deviation σ and skewness α the same as for the density of states ρ b3 (ε) (the position of the Fermi level also almost does not change), yields further enhancement of |ImΣ|. Therefore, both factors, i.e., the asymmetry of the density of states and the value of the density of states at the Fermi level enhance quasiparticle damping. At the same time, increasing filling yields decreasing the absolute value of the imaginary part of the self-energy (see n = 1.1 and n = 1.3 results on Fig. 1) , despite the fact that the Fermi level approaches the maximum (peak) of the density of states, since the strength of correlations decreases away from half filling. This shows that a shift of the filling away from half filling plays a more important role in this case than an increase of the density of states. Changing the filling to n = 0.9 and keeping the density of states at the Fermi level, the second moment σ and skewness α the same as for the density of states ρ b3 (ε) (see the density of states ρ b5 (ε)), we find almost the same quasiparticle damping, as for the fully symmetric band with filling n = 1.1, which also agrees with the results for the density of states ρ a (ε) shown in Fig. 1 . This suggests that the asymmetry enhances quasiparticle damping only for electron (hole) excitations for the position of the Fermi level on the same side from half filling as the maximum of DOS and sufficiently far from the center of the band, which supports the suggested mechanism of narrowing of the bandwidth for hole W h (or electron W e ) excitations.
To show the effect of the obtained self-energies on the formation of local moments, in Fig. 3a we show the temperature dependence of the inverse local susceptibility in the presence of Hund's exchange for the density of states ρ a and model parameters, shown in Fig. 1 . One can see that above half filling χ loc , decreases going away from half filling, and almost does not depend on the asymmetry of the density of states. The Kondo temperature T K , corresponding to the temperature scale, below which local moments are screened by itinerant electrons (note that for the considered paramagnetic state within DMFT the Kondo effect does not compete with magnetism) can be determined from the offset of the inverse susceptibility, χ −1 loc ∝ T + 2T K , similarly to the single local moment case [34, 35] , cf. Ref. [11] . The obtained T K moderately decreases with increasing asymmetry of the density of states, but strongly increases going away from half filling.
Studying the τ -dependence of the local spin-spin correlation function (see Fig. 3b ), we also observe the features of spin freezing (i.e. local moment formation) for those cases, when the inverse local susceptibility is linear in temperature: the τ -dependence of the correlation function becomes weak and away from τ = 0, β it is weakly temperature dependent, cf. Refs. [5-7, 11, 13] . From the requirement of two times difference (which corresponds to the criterion, suggested in Ref. [5] ) of K(β/2) at β = 80/D and β = 160/D we find the transition to the spin freezing (local moment) phase at a ≈ 0.74 for n = 1.1 and a ≈ 0.96 for n = 1.3 (see Fig. 3c ). The local moments (when they exist) interact via RKKY-type of exchange, cf. Refs. [8, 36] , that may induce some type of magnetic order, which formation we do not study here. The feedback of this exchange to the formation of the local moments is however expected to be small, since the latter is provided by Hund's exchange on the much larger energy scale, than the non-local magnetic interactions. This allows us to neglect non-local effects in the present study.
Finally, we note that in the considered model we did not introduce the hybridization between different bands, but weak hybridization is not expected to change the obtained results. In the presence of several types of states of different symmetry (e.g. e g and t 2g for the cubic symmetry), the obtained results can again be qualitatively applied to these states separately, if the hybridization between the states of different symmetry is sufficiently small, and they are not strongly mixed by the Coulomb interaction (see below).
III. FIVE-BAND MODEL AND IMPLICATIONS TO VARIOUS SUBSTANCES AND COMPOUNDS
Let us discuss the effect of the density of states peculiarities for the substances and compounds, having partially formed local moments. Iron in α and γ phases has almost the same filling of the d-states 6.78 and 6.76, respectively, close values of standard deviation σ of t 2g and e g states, but α-iron has stronger asymmetry of the density of states and larger value of the density of states at the Fermi level (see Fig. 4 and Table I ), and therefore more pronounced local moment behavior. In both substances the quasiparticle damping and spin freezing are stronger for the e g than t 2g states because of stronger asymmetry and larger density of states at the Fermi level, but also the slight difference of fillings (n , such that the e g orbitals are closer to half filling. We note that in contrast to the two-band model, discussed above, in these and the following results we account for the finite hybridization between different states. As it is usual in the ab initio calculations, for the states of the same symmetry we interpret the results in terms of the (partial) densities of states. The hybridization between states of different symmetry is sufficiently small for α-iron and nickel and moderate for γ-iron (see the Appendix), and the consideration in terms of partial densities of states for t 2g and e g states remains valid, especially for the two former substances.
To study the effect of filling on the self-energies of α-and γ-iron, we also consider the results of DMFT calculations of the five-band model with the ab initio dispersion, which yields density of states, presented in Fig. 4 , but a different concentration of d electrons achieved by a shift of the chemical potential ∆µ with respect to its position in α-or γ-iron. As in Sect. II, we also assume a local form of the Coulomb interaction with the same parameters as in the previous study of Ref. [33] . We find (see Figs. 5, 6 ) that decreasing filling towards half filling always increases quasiparticle damping, yielding peculiarities of the local susceptibility, described above for the two-band model. The most pronounced change with changing the filling corresponds to e g electrons in γ-iron (see Fig. 6b ). For the filling, corresponding to the pure γ-iron, the e g states are characterized by quasiparticle-like self-energy, with |ImΣ(iω)| decreasing with decreasing ω (see the self-energy for ∆µ = 0 in Fig. 6b , cf. Ref. [12] ). A reduction of number of e g electrons per orbital towards 1 (corresponding to half filling) monotonically increases the absolute value of the self-energy ultimately yielding for n eg < 1.18 above half filling non-quasiparticle like selfenergy, despite the Fermi level shifting further from the peak. Because of stronger asymmetry and larger density of states at the Fermi level (which occur due to the proximity to the peak of the density of states for e g states), for comparable fillings per orbital e g states in α iron have stronger quasiparticle damping (or even show nonquasiparticle behavior), than the t 2g states. The same applies to γ-iron close to half filling (see, for example, n eg = 1.14 and n t2g = 1.15 self-energies), but for larger fillings the situation there is more complex, possibly because of the substantial hybridization between e g and t 2g states in this substance (see the Appendix).
In nickel the partial density of e g states is smaller at the Fermi level, than the one for t 2g states, but has stronger asymmetry (see Fig. 7a and Table I ). For the ab initio position of the Fermi level, the filling is very far from half filling (n = 8.54), and therefore the local moments are not fully formed in this substance; it is also characterized by large Kondo temperature T K ∼ 600 K [11] . The dependence of the self-energy on the position of the chemical potential is determined mainly by the filling of the e g and t 2g states (see Fig. 7b ), yielding stronger quasiparticle damping on approaching half filling.
Finally we mention some layered materials. In iron pnictides the partial DOS are asymmetric, but the local moments are partially formed mainly due to the proximity of some bands to half filling, at least in LaFeAsO mostly studied in that respect [13, 14] . For cuprates, the effective two-band model, derived to account for nonlocal correlations beyond DMFT [37] , has an asymmetric density of states for the non-vanishing next-nearest hopping t ′ and the Fermi level is shifted towards the maximum of the density of states, which may also enhance spin freezing near half filling. In this model, however, the bands are not degenerate, and therefore this case requires further investigations. Since the effective model corresponds to the non-local (plaquette) degrees of freedom of the original model, the spin freezing in this case does not necessarily correspond to the local moment formation, and may be accompanied by non-trivial behavior of the charge degrees of freedom (e.g., charge order, orbital currents, phase separation, etc.).
IV. CONCLUSIONS
In summary, we have investigated the effect of asymmetry of the density of states on Hund's metal behavior in multiband Hubbard models. We find, that the asymmetry and larger value of the density of states at the Fermi level enhance the Hund's metal behavior, i.e., yield stronger quasiparticle damping (or non-quasiparticle behavior) and stronger spin freezing, corresponding to the formation of local moments, because of the stronger correlated and larger number of electron or hole excitations. The inverse local susceptibility becomes linear in temperature with the Kondo scale decreasing with increasing the asymmetry. The above discussed behavior is observed sufficiently close to half filling. For realistic densities of states the two considered factors (asymmetry and value of the density of states at the Fermi level) are often interrelated, since the Fermi level is attracted to the peaks of the density of states in a broad range of fillings due to both, band structure and correlation effects.
In the present study we did not consider the effect of the non-local correlations, but they are not expected to qualitatively change the obtained results, except, possibly, for the narrow critical regions in the vicinity of the ordered phases, which require further investigation. The obtained features allow us, on one hand, to explain properties of known materials, but on the other hand, they allow one to predict the way to find new materials showing Hund's metal behavior and, therefore, unusual electronic and magnetic properties.
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